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Abstract

Oxytocin (OT), a neuropeptide produced in the supraoptic (SON) and paraventricular (PVN) nuclei, is not only essential for
lactation and maternal behavior but also for normal immunological activity. However, mechanisms underlying OT regulation
of maternal behavior and its association with immunity around parturition, particularly under mental and physical stress,
remain unclear. Here, we observed effects of OT on maternal behavior in association with immunological activity in rats after
cesarean delivery (CD), a model of reproductive stress. CD significantly reduced maternal interests to the pups throughout
postpartum day [-8. On postpartum day 5, CD decreased plasma OT levels and thymic index but increased vasopressin,
interleukin (IL)-18, IL-6 and IL-10 levels. CD had no significant effect on plasma adrenocorticotropic hormone and corti-
costerone levels. In the hypothalamus, CD decreased corticotropin-releasing hormone contents in the PVN but increased
OT contents in the PYN and SON and OT release from hypothalamic implants. CD also increased c-Fos expression,
particularly in the cytoplasm of OT neurons. Lastly, CD depolarized resting membrane potential and increased spike
width while increasing the variability of the firing rate of OT neurons in brain slices. Thus, CD can increase hypothalamic
OT contents and release but reduce pituitary release of OT into the blood, which is associated with depressive-like maternal
behavior, increased inflammatory cytokine release and decreased relative weight of the thymus.
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behavior (Bystrova et al., 2009; Dumas et al., 2013; Liu
et al., 2019) in association with maternal inflammation
(Gustafsson et al., 2018). OT regulates development of
the thymus and bone marrow, and participates in
immune surveillance, defense and homeostasis (P.
Wang et al., 2015; Y. F. Wang, 2016). For example,
OT significantly reduced lipopolysaccharide-induced
release of interleukin (IL)-1f, and IL-6 and acute lung
injury in mice, which can be blocked by pretreatment
with OTR antagonist (An et al., 2019). While these
facts support a pivotal role of activating OT neurons in
maternal behavior and immunological activities, how OT
modulates maternal behavior and immunity at same time
remains unclear.

By contrast, immunological diseases can change the
activity of OT neurons. For example, human immunode-
ficiency virus reduces OT immunoreactivity in hypotha-
lamic neurons (Langford et al., 2011). Both the maternal
behavior- and immune-regulating functions of OT are
associated with activities of the hypothalamic-pituitary
adrenal (HPA) axis (T. Li et al., 2017) that can suppress
maternal behaviors and cause depression (Klampfl et al.,
2018). However, interactions between OT and immune
system as well as their influence on maternal behavior
during lactation remain poorly understood. For example,
persistent social stress causes OT increase in the hypo-
thalamus but disrupts normal maternal behavior and
lactation (D. Li et al., 2020, 2021). The responses of
HPA axis to various stresses are reduced markedly
during lactation (Smotherman et al.,, 1976) and OT
levels are negatively correlated with the symptom of post-
partum depression among women (Thul et al., 2020).
However, it was also reported that in breastfeeding
women with depressive-like symptoms, there is a positive
correlation between OT and corticosterone levels (Cox
et al., 2015). Thus, it is important to investigate effects
of social stress around parturition on maternal behaviors
and OT neuronal activity in association with immuno-
logical activities.

To answer these questions, we prepared a rat model of
cesarean delivery (CD) that has a high prevalence among
pregnant women globally (Bateman et al., 2016; Liang
et al., 2018) and causes higher incidence of postpartum
depression and central inflammation (Miller et al., 2019).
Using this stress model, we investigated the involvement
of OT neurons in CD-associated aberrant maternal
behavior and immunological activities during lactation.

Materials and Methods

All procedures in this study were carried out in accor-
dance with the guidelines on the Use and Care of
Laboratory Animals set by National Institutes of
Health and were approved by the Institutional Animal

Care and Use Committees of Harbin Medical University
(No. 31471113).

Preparation of CD rats and sampling

Adult Sprague-Dawley rats were purchased from the
animal center of the second affiliated hospital of
Harbin Medical University and housed in 21-23°C with
free access to water and food. Pregnant rats were ran-
domly divided into natural labor (control and foster
dams) and CD groups. CD was performed in the morn-
ing of gestational day 19-21. Conventional CD operation
(J. Wang et al., 2010) was performed under chloral
hydrate anesthesia (10%, 0.3 mL/100 g, i.p.). In brief,
the laparotomy was performed under sterile condition.
A 3 cm long incision at the midline was made in the
low abdomen to expose the uteri, and then longitudinal
incision of 1 cm was made along the anti-mesenteric side
in the middle portion of each uterine horn. Pups and
placentas were extruded out gently. Uterine, muscles
and skin were sutured layer by layer and 2% tincture
of iodine was pasted on the wound. Postsurgical care
was applied to keep body temperature at ~37°C.
Dams were allowed to access water and food freely.
Given the fact that premature newborns were less effi-
cient suckers, to ensure that this factor did not affect
outcomes, a litter of 10 pups fostered by control dams
at the same age (70.9+2.3 g in control; 72.1£4.2 g in
CD) was given to the CD dams when the dams recovered
from anesthesia.

The blood, SON, PVN, thymus and spleen of the
dams were sampled on the morning on the 5" day after
labor or CD operation. Among them, trunk blood (0.5-
1.0 mL) was collected during decapitation with heparin-
ized tubes, the plasma was separated by centrifugation
(3000 rpm, 4°C, 15 min), and plasma aliquots were stored
at —20°C. The brain was dissected in ice-cold artificial
cerebrospinal fluid (aCSF) and then fixed in 4% parafor-
maldehyde for 72 h. The hypothalami were then sec-
tioned into 50 pm-thick slices with a microtome and
prepared for immunohistochemistry. Hypothalamic tis-
sues were stored at —80°C for Western blot and assay
of hormone release. The relative weights (or index) of the
thymus and the spleen were calculated by dividing the
weight (mg) of thymus and spleen by the body weight (g).

Observation of maternal behavior

Maternal behaviors are different from common social
behaviors. Maternal behaviors are a set of behaviors of
the mother towards the offspring including nest building,
retrieval, contact, nursing, anogenital licking and mater-
nal attack, etc. A reduction in maternal interest toward
the pups is the core sign of maternal depression, partic-
ularly reduced suckling and anogenital licking (Pedersen
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and Boccia, 2002; D. Wang et al., 2007). In this study,
maternal behaviors of dams were evaluated on the morn-
ing at postpartum day 1, 4 and 8 as previously described
(Liu et al., 2019). Observations included the latency of
pups’ retrieval and anogenital licking, and the number of
anogenital licking throughout 1 h after 1 h separation
from the pups to let pups eager to sucking.

Assaying hormone and cytokine levels

Assaying plasma levels of different hormones and cyto-
kines mainly performed by Beijing Sino-UK Institute of
Biological technology (Beijing, China) using enzyme-
linked immunosorbent assay (ELISA). The average
recovery rates were > 96% in all assays. The sensitivities
for OT, vasopressin, adrenocorticotropic hormone
(ACTH), corticosterone, IL-1f, IL-6, and IL-10 were-
<09 pgmlL,<0.5 pg/mL,<04 pg/mL,<0.5 ng/
mL, < 0.5 pg/mL, <3 pg/mL, and <0.5 pg/mL, respec-
tively. Intra-group and inter-group variations were less
than 5% and 9%, respectively.

In assaying OT and CRH levels in the SON and PVN
of dams, the SON and PVN were dissected separately
from control/natural delivery and CD dams and then
transferred into the aCSF (100 uL) in the presence of
protease inhibitors (P8340, 1:100, Sigma, Shanghai,
China, MDL number: MFCDO00677817). The tissues
were homogenized, insoluble components were removed
through centrifugation, and the supernatants were col-
lected. The supernatant was then frozen until assay.
The assay was performed wusing kits from
ImmunoClone (product of 1&C, USA and distributed
by YBio, Shanghai, China) including a general OT
assay kit (IC-OT-Ge) and a rat CRH assay kit (IC-
CRH-Ra) as instructed by the manual, which is similar
to our previous publication (D. Li et al., 2020). The min-
imum detectable limit was 5.8 pg/mL for OT and 4.58 pg/
mL for CRH, respectively.

The methods of assaying extracellular OT levels in the
incubation of the hypothalamus were the same as previ-
ously described (D. Li et al., 2020). That is, hypothalamic
tissue blocks (4 x 2.5 x 2.5 mm?, ~20 mg, containing two
SONs and two PVNs and their associated accessory
nuclei) were dissected from control and CD dams and
then separately incubated in aCSF (305 mOsm/kg,
200 ul, 35°C, 1h) in the presence of protease inhibitors
(0.5x from a 100x stocking solution, P8340, Sigma) and
12mM KCI. The aCSF contained (in mmol/L) 126 NaCl,
3 KCl, 2 MgCl,, 2 CaCl,, 1.3 NaH,PO,, 20 NaHCO;, 10
glucose, 305 mOsm/kg, pH 7.4, gassed with a mixture of
5% CO, and 95% O,. The solution was then frozen until
assay as described above.

Western blots

The methods of Western blots were the same as previ-
ously reported (Y. F. Wang et al., 2013). In brief,
extracted protein from SON lysate was separated on
10% SDS-PAGE gels and transferred onto PVDF mem-
branes. Protein membranes were pretreated with a block-
ing buffer containing 5% bovine serum albumin (w/v in
TBS) for 1.5 h at room temperature (21-23°C), and then
incubated with antibodies against target proteins at 4°C
overnight. The primary antibodies were c-Fos antibody
(Omnimabs, Alhambra, CA, OM?25693, rabbit, 1:1000)
and antibody against glyceraldehyde 3-phosphate dehy-
drogenase (OM254102, rabbit, 1:1500, loading control).
The primary antibodies were further detected with HRP-
conjugated secondary antibodies for 2 h; protein bands
were visualized with an automated ECL imaging analysis
system (Tanon 5200, Shanghai, China).

Immunohistochemistry

The methods of fluorescent immunostaining were the
same as previously described (Y. F. Wang and Hatton,
2009). Briefly, the hypothalamic sections were permeabi-
lized with 0.3% Triton X-100 for 60 min and then 0.3%
gelatin for 60 min to block non-specific binding sites.
Sections were incubated at 4°C overnight with the pres-
ence of primary antibodies against OT-neurophysin (OT-
NP, MAbN844, mouse, 1:3000, Merck Millipore, RRID:
AB_2315026, Shanghai, China), and vasopressin-
neurophysin (VP-NP, sc-27093, goat, 1:200, RRID:
AB_2061964), and c-Fos (OM25693, rabbit, 1:1000).
The primary antibodies were further detected with
donkey anti-mouse IgG (Alexa Fluor® 555, ab150106,
RRID: AB_ 2857373 or Alexa Fluor® 647, ab150107),
donkey anti-rabbit IgG (Alexa Fluor® 488, ab150073,
RRID: AB_2636877) and Alexa Fluor® 488-conjugated
Streptavidin (35103ES60, Yeasen, Shanghai, China),
respectively. Finally, Hoechst (bisbenzimide, B2261,
0.25 pg/mL, Sigma, CAS# 28718-90-3, Shanghai,
China) was applied to label the nuclei. Sections were
examined with a fluorescence microscope (Eclipse FNI1,
Nikon, Tokyo, Japan) through a charge-coupled device
camera (DS Ri2, Nikon, Tokyo, Japan) or a confocal
microscope (Eclipse Ti, Nikon, Tokyo, Japan).

Patch-clamp recordings

The methods of whole-cell patch-clamp recordings were
the same as previously described (Y. F. Wang and
Hatton, 2004). In brief, 300 pm thick coronal brain
slices containing the SON were cut after decapitating
the dam rats on the morning of the 5" day after labor
and CD operation. Whole-cell patch-clamp recordings
were obtained from the soma of magnocellular neurons
in the SON under visual guidance of an upright
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microscope (Eclipse FN1, Nikon, Tokyo, Japan) through
an infrared charge-coupled device camera (G-2358 ASG,
Manta, German) during perfusion of aCSF. The aCSF
contained (in mM): 126 NaCl, 3 KCI, 2 MgCl,, 2 CaCl,,
1.3 NaH,PO,, 26 NaHCO5, 10 Glucose, 305 mEq/Kg
water, pH 7.4, and gassed with a mixture of 95% O,
and 5% CO,. Patch-pipette filling solution contained
the following components (in mM): 145 K-gluconate,
10 KCI, 1MgCl,, 10 HEPES, 1 EGTA, 0.01 CaCl,, 2
Mg-ATP, 0.5 Na,-GTP, 295 mEq/Kg water, pH 7.3
adjusted with KOH. Biotin (B4261, Sigma, Shanghai,
China, PubChem Substance ID: 24891762) was added
to the pipette solution for identification of the chemical
nature of recorded SON neurons. A 700B amplifier
(Molecular Devices, CA, USA) was used for collecting
electrical signals that were filtered and sampled at 5 kHz
by Clampex 10 software through an analogue-to-digital
converter (1550, Molecular Devices, CA, USA). The
parameters that were evaluated included the resting
membrane potential (RMP), firing rate, spike amplitude
(Ampl), spike width at 50% amplitude, spike rise time
constant (Tau) and decay time constant, respectively.

Data collection and analysis

Analyses of behaviors, Western blots, imaging and patch-
clamp recordings have been described in previous reports
(D. Li et al., 2020). In immunohistochemistry, the
number of c-Fos-positive cells and OT neurons was
counted only in the SON somatic area excluding the ven-
tral glial lamina wherein astrocytic somata are located.
The c-Fos-positive neurons were counted from those cells
that had c-Fos puncta overlapped with or surrounding a
“neuronal nucleus” while OT neurons had a diameter
>20 um. The membrane potential was recorded without
any clamping current initially.

Statistical analyses were performed using SigmaStat
program (SPSS19, Chicago, IL, USA). Chi-square test
was used for comparison of the rate; Student’s t-test or
Welch’s t-test (for data of unequal variances), Mann-
Whitney test (for non-normally distributed data) and
paired t-test were used for comparisons between two
groups. P < 0.05 was considered significant. All measures
were expressed as mean+SEM in actual value or in
percentage.

Results

Effects of CD on Maternal Behavior

Maternal behavior reflects maternal activities oriented to
the care of offspring. Looking for the newborns and
anogenital licking can largely represent maternal interest
in rat dams toward the pups and thus, we observed the
retrieval and anogenital licking behaviors at postpartum

day 1, 4 and 8, respectively. The latency of pup retrieval
among CD dams showing retrieval behavior was longer
than controls at day 1 (335.9+81.4 s, n=8 in CD vs.
55.8+21.8 s, n=19 in control, P<0.001 by Mann-
Whitney Test) and at day 4 (240.6+103.4 s, n=14 in
CD vs. 13.0+3.4 s, n=18 in control, P<0.001 by
Mann-Whitney Test).

Among CD dams showing licking behavior, the laten-
cy of anogenital licking was significantly longer than the
controls at day 1 (912.8+264.3 s, n=10 in CD vs.
203.4+44.4 s, n=19 in control, P=0.006 by Mann-
Whitney Test). The latency decreased gradually in CD
dams from day 1 to day 8 (Figure 1B). However, the
frequency or numbers of licking in the CD dams
(Figure 1C) became significantly lower than those in the
controls throughout the observations (4.4+1.4, n=17 in
CD vs. 8.6+ 1.6, n=19 in control at day 1, P=0.026 by
Mann-Whitney Test; 6.0+ 1.1, n=17 in CD vs. 9.9+ 1.2,
n=19 in control at day 4, P=0.032 by Mann-Whitney
Test; 5.1+ 1.1, n=16in CD vs. 17.54+2.2, n=17 in con-
trol at day 8, P < 0.001 by Welch’s t-test). Consistently, the
average latency of suckling in CD dams was significantly
longer than that in control dams at day 4 (565.9 +£103.6 s,
n =13 in CD vs. 2354+26.5 s, n = 15 in control, P =
0.0082 by t-test, Figure 1D). In addition, maternal body
weight gain in CD dams (1.2+3.3 g, n=28) was signifi-
cantly lower than the control (25.2+ 8.5 g, n=6, P=0.037
by t-test) measured at day 8.

Effects of CD on Plasma Hormones and Inflammatory
Cytokines

To establish the association of CD-modulated maternal
behavior with immune-neuroendocrine activity, the
activity of HPA axis and immunologic activities, we fur-
ther assayed plasma levels of OT, vasopressin, ACTH,
corticosterone, IL-1f, IL-6 and IL-10 at day 5. Selection
of this time point was because the latency of retrieval and
number of licking in CD dams have significant difference
from control dams around this time and pro-
inflammatory and anti-inflammatory cytokines are
released in high levels in general surgery (Zubaidi et al.,
2010; Alzoghaibi et al., 2014). Thus, these indices can
reflect the immune-neuroendocrine status of the CD
dams when depressive-like behavior occurs. As shown
in Figure 2, plasma OT concentration was lower in CD
group than control group (11.0 £ 1.0 pg/mL, n=6 in CD
vs. 1524+ 1.5 pg/mL, n=6 in control, P=0.038 by
Student’s t-test; Figure 2Aa). By contrast, CD signifi-
cantly increased plasma vasopressin concentrations
(25.6+3.9 pg/mL, n=5 in CD vs. 11.3+1.5 pg/mL,
n=28 in control, P=0.002 by Student’s t-test; Figure
2ADb). Moreover, CD did not affect plasma ACTH levels
(40.4+2.8 pg/mL, n=5 in CD vs. 27.5+4.7 pg/mL in
control, n=7, P=0.060 by Student’s t-test; Figure 2Ba)
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Figure 2. Effects of CD on Plasma Neurohypophysial Hormones, adrenocorticotropic hormone (ACTH), corticosterone (CorT) and
Inflammatory Cytokine Levels. A: Enzyme-linked immunosorbent assay (ELISA) of oxytocin (OT, a) and vasopressin (VP, b) levels. B: ACTH
(a) and CorT (b) levels. C: Interleukin (IL)-1/ (a), IL-6 (b) and IL-10 (c) levels. Other annotations are the same as Figure .

or corticosterone (263.3+16.7 ng/mL, n=5 in CD vs.
2553459 ng/mL, n=7 in control, P=0.617 by
Student’s t-test; Figure 2Bb). Lastly, CD significantly
increased plasma levels of IL-15 (19.54+ 1.8 pg/mL, n=35
in CD vs. 6.9+ 0.5 pg/mL in control, n=8, P=0.002 by
Welch’s t-test; Figure 2Ca), IL-6 (76.4 +£4.2 pg/mL, n=35
in CD vs. 36.1 0.7 pg/mL, n=28 in control, P=0.0005 by
Welch’s t-test; Figure 2Cb) and IL-10 (14.2+ 1.3 pg/mL,
n=>5in CD vs. 6.8+ 0.8 pg/mL, n =8 in control, P < 0.001
by Student’s t-test; Figure 2Cc).

Effects of CD on Thymic Index

We compared the relative weight of immune organs
between control and CD dams. The result showed that
thymic index decreased significantly in CD dams (0.50 +
0.17, n=4 in CD vs. 0.724+0.13, n=4 in control, P =
0.03 by Paired t-test); however, there was no significant
change in the splenic index (1.68 £0.28, n=4 in CD vs.
1.44+0.23, n=4 in control, P=0.52 by Paired t-test).
Notably, there is moderate correlation between
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litter’s body weight gain in 8 h suckling and thymic index
without considering the groups (r = 0.592, n=15,
P=0.03) although there was no correlation between
dams body weight and thymic index (r = 0.023, n =
32, P =0.901).

Effects of CD on Hypothalamic CRH and OT Contents

Inflammatory reaction is closely associated with the
activity of HPA axis and OT functions (T. Li et al.,
2017). Thus, we further analyzed the expression of
CRH in the PVN at day 5. CD significantly reduced
CRH levels in the PVN (2.8 +0.1 pg/mL, n=3 in CD
vs. 7.6+0.4 pg/mL, n=4 in control, P=0.047 by
Student’s t-test; Figure 3A).

To determine potential involvement of OT in the effect
of CD, we further assayed OT levels in the hypothala-
mus. In the SON, OT level was higher in CD dams than
control dams (213.8£46.1 pg/mL, n=6 in CD vs.
93.7+15.6 pg/mL, n=10 in control, P=0.01 by
Student’s t-test; Figure 3B). In the PVN, CD dams also
had higher level of OT (52.0 + 7.6 pg/mL, n=6in CD vs.
28.7+3.7 pg/mL, n=9 in control, P=0.009 by Student’s
t-test; Figure 3C).

The presence of OT in the SON and PVN may not
represent their release into the hypothalamus. Thus, we
measured OT levels in the incubation medium in the pres-
ence of 12 mM K™ and protease inhibitor for 1 h with
ELISA. The concentration of OT in hypothalamus
increased in CD group compared to the control (37.9 +
2.4 pg/mgin CD, n=6vs. 14.2+£0.9 pg/mg in control, n
= 6; P < 0.001 by Student’s t-test; Figure 3D).
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Figure 3. Effects of CD on corticotrophin-releasing hormone
(CRH) and OT Levels in the Hypothalamic Implants. ELISA of CRH
in the paraventricular nucleus (PVN, A), OT in the supraoptic
nucleus (SON, B), in the PVN (C) and in the medium of hypotha-
lamic incubation (D) at day 5. HIM, hypothalamic incubation
medium; other annotations are the same as Figures | and 2.

Effects of CD on c-Fos Expression in the SON

Increased c-Fos expression represents increase in OT pro-
duction (Jimenez and Gonzalez-Mariscal, 2019). Hence, we
analyzed the effects of CD on c-Fos expressions in the
SON. In Western blots, CD significantly increased c-Fos
protein levels (160.2 + 16.4% of the control, n=6 in CD,
P =0.014 to control by Paired t-test, Figure 4A). In immu-
nohistochemistry (Figure 4B), there was no significant dif-
ference between CD and control dams in the total number
of c-Fos-positive neurons in the SON (43.7+12.4%,n=3
in CD vs. 44.7+5.2%, n=3 in control, P=0.945 by
Student’s t-test). In the SON of control dams, c-Fos pro-
tein was mainly present in the nuclei of OT neurons; how-
ever, c-Fos protein in CD dams mainly accumulated in
cytosolic compartments of OT neurons in the SON
(Figure 4Ba). Further analyzing cell type-associated c-
Fos distribution (Figure 4Bb) revealed that CD significant-
ly increased the percentage of OT neurons among c-Fos-
positive cells relative to their controls (52.9 £8.2%, n=3
in CD vs. 1944+7.0%, n=3 in control, P=0.036 by
Student’s t-test), and decreased the percentage of OT-
negative neurons (i.e. vasopressin neurons) among c-Fos-
positive cells (47.1 + 8.2%, n=3 in CD vs. 80.6 = 7.0%,
n=23 in control, P=0.036 by Student’s t-test).

Effects of CD on the Electrical Activity of SON Neurons

The increased hypothalamic and decreased plasma OT
levels suggest differential secretory activities of somato-
dendritic site from neural terminals of OT neurons (D. Li
et al., 2020). Thus, we made whole-cell patch-clamp
recordings of OT neurons in the SON in brain slices
taken from dams at day 5 to determine the reason for
this differential secretory activity (Figure 5). Compared
to the control, CD significantly depolarized the mem-
brane potential of OT neurons (-42.6+1.9 mV, n=13
in CD vs. -52.0+2.5 mV, n=10 in control, P=0.007
by Student’s t-test) and increased spike width measured
at 50% amplitude (2.94+0.3 ms, n=14 in CD vs. 2.0+
0.2 ms, n=28 in control, P=0.040 by Student’s t-test).
The variation in the firing rate in CD dams was relatively
high although there was no significant difference between
the two groups (2.9+0.7 Hz, ranging 0.003-8.287 Hz,
n=13 in CD vs. 2.0£0.5 Hz, ranging 0.027-5.303 Hz,
n=10 in control, P=0.347 by Student’s t-test).

Discussion

In the present study, we found that CD can cause
depressive-like maternal behavior. This effect is likely
due to increase in hypothalamic OT contents and decrease
in blood OT levels. The differential central and peripheral
effects of CD on OT secretion are likely because of over-
excitation and the subsequent inhibition. The reduction of
plasma OT levels is associated with increased blood IL-1/
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and reduced thymic index. Hypothalamic OT likely sup-
presses CRH production; however, effect of CRH on its
downstream ACTH is likely neutralized by increased vaso-
pressin secretion. The disorders in OT neuronal activity
and inflammatory reactions in CD dams possibly contrib-
ute to postpartum depression.

Effects of CD on Maternal Behavior and the Activity of
HPA Axis

Maternal behavior in mammals manifests as maternal
care of the offspring and suckling (Pérez-Torrero and
Rubio-Navarro, 2015). The delayed suckling, reduced

anogenital licking in CD dams and poor dams’ body
weight gain indicate the occurrence of depressive-like
maternal behavior as shown in rat dams separated from
their newborns (Liu et al., 2019; D. Li et al., 2020, 2021).
CD dams partially recover from the depression as shown
in the shortening of latencies of the retrieval, anogenital
licking and suckling; however, the number of licking, a
core sign of maternal care (D. Wang et al., 2007), remains
significantly lower than the control dams. This finding is
consistent with previous reports in women (Miller et al.,
2019; Hompoth et al., 2020). Since intranasal application
of OT reversely increased anogenital licking in CD dams
and acinar area of the mammary glands by changing OT
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neuronal activity and OT secretion (Y. F. Wang et al.,
2018), these depressive signs in CD dams are not a simple
effect of surgical stress. They together indicate that CD
can cause postpartum depression.

To establish maternal depression in CD dams, it is nec-
essary to identify the difference between CD and general
surgery. Major depressive disorder is associated with post-
operative pain, infections, progression of malignant tumors,
poor health-related quality of life as well as other compli-
cations (Ghoneim and O’Hara, 2016). In obstetrics, hyster-
ectomy with bilateral salpingo-oophorectomy in women
may also cause depression (Mantani et al., 2010), largely
because of estrogen deficiency (Parker et al., 2009).
However, CD women usually do not have pre-existing
depression-associated complications and need no removal
of the uteri and ovaries. The key factor is that preterm
delivery through surgical approach interrupts normal mat-
uration of OT secretion machinery (Russell et al., 2001;
Hou et al., 2016), and thus delays the generation of OT
pulsatility (Hatton and Wang, 2008). Thus, although
acute postoperative pain may contribute to the postpartum
depression, the extensive presence of maternal depressive-
like signs in CD dams after CD dams recovered from sur-
gery is inherent to the parturition physiology.

The partial recovery of maternal behavior is likely due
to the intimate contacts of dams with pups (Q. Jiang and
Wakerley, 1997) as well as the maturation of OT secre-
tory machinery (Albin-Brooks et al., 2017) following
dams’ recovery from surgical stress. The remained
lower maternal interest to the offspring is consistent
with the lower plasma OT levels in CD dams, suggesting
insufficient recovery of OT neuronal activity.

In addition to the reduced OT actions, CRH can be
another disrupting factor of normal maternal behavior
(Klampfl and Bosch, 2019). However, it is not likely
that an increased activity of HPA axis is responsible for
CD-evoked postpartum depression since CD reduced
CRH release in the hypothalamus but did not increase
CRH, ACTH and corticosterone. Although we cannot
exclude the possibility that HPA axis activity increases
transiently at the very early postpartum stage in CD
dams, the intra-hypothalamic action of the HPA axis
decreases in CD dams at day 5. Together with the general
view that the activity of HPA axis is blunted during lac-
tation (Smotherman et al., 1976), we tentatively believe
that CD-evoked postpartum depression is not result from
the activation of HPA axis that occurs in major depres-
sion (Holsen et al., 2013).
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Effects of CD on Maternal Behavior and Activity of OT
Neurons at Different Compartments

Maternal behavior is regulated by many brain areas
including the parvocellular division of the PVN, olfac-
tory bulb, the pyriform cortex, the medial amygdala
(MeA), bed nucleus of the stria terminalis, the nucleus
accumbens, the medial prefrontal cortex and others
(Renier et al.,, 2016; Jurek and Neumann, 2018).
Notably, the OT-secreting system plays a coordinated
role in the prevention of postpartum depression. For
instance, intranasal OT administration can alleviate post-
partum depression by activation of OT neurons (Liu
et al., 2019) and inhibition of the amygdala (Liu et al.,
2017) that exerts an inhibitory role in maternal behavior
(Gao et al., 2018). Thus, increased OT neuronal activity
provides tonic inhibition of maternal depression.

As stated in the Introduction, OTR blockade in the
hypothalamus disrupts suckling evoked burst firing in
OT neurons, milk ejections and maternal behavior; how-
ever, OTR blockade on intra-hypothalamic OT secretion
remains unknown. The prolonged increase in hypotha-
lamic OT in CD dams could inhibit the ability of OT
neurons to release OT in bolus or discharge action poten-
tials in burst and maternal depression after shortly
increasing OTR activation and the milk-ejection reflex
in a short period of time as observed in rat dams sepa-
rated from their offspring (D. Li et al., 2020). Thus, when
maternal depression occurs in CD dams, the OTR should
be inhibited although it remains to be verified in future.

In CD dams, OT contents in the SON and PVN
increased significantly, which was accompanied with the
reduction of circulating OT levels. This paradoxical phe-
nomenon has been identified in rat dams that are separated
from their pups (D. Li et al., 2020, 2021) and likely results
from differential secretion of OT from somatodendritic
sites and from axonal terminals. This proposal is consistent
with the finding that using thapsigargin to deplete intracel-
lular Ca®" store does not block OT-evoked burst firing in
OT neurons (Y. F. Wang and Hatton, 2007) although it
blocks somatodendritic K*-evoked OT release (Ludwig
et al., 2002). The increase in hypothalamic OT contents
is also in agreement with the increased c-Fos expression
among OT neurons. This is supported by the depolariza-
tion and spike broadening that can result from activation
of OTR (Y. F. Wang et al., 2006). Moreover, that CD
increased plasma vasopressin levels but reduced c-Fos-pos-
itive vasopressin neurons supports that biochemical activ-
ity of intrahypothalamic neuroendocrine neurons can be
separated from spike-driven neurosecretion from neural
terminals (Dayanithi et al., 2012).

It is likely that pain stimulation in CD dams increases
brain OT levels (W. Q. Jiang et al., 2019; Nishimura
et al., 2019) while OT exerts analgesic role in CD injury
likely by acting on the periaqueductal gray area and the

spinal cord (Xin et al., 2017). The later effect likely
accounts for why the incidence of persistent pain after
CD is much lower than after comparable surgeries (Sun
and Pan, 2019). In view of OT neuronal activity, persis-
tent increase in OT levels could cause persistent inhibi-
tion of the firing activity, particularly burst firing (Y. F.
Wang and Hatton, 2007). As shown in patch-clamp
recording, while a few cells showed higher firing rate,
more OT neurons showed lower firing rate in CD
dams, which makes activities of different OT neurons
de-coordinated and thus reduces OT release from
neural terminals as previously discussed (Hatton and
Wang, 2008; Hou et al., 2016). As a result, firing-driven
OT release from neural terminals is reduced in the pos-
terior pituitary and in maternal behavior-regulating brain
regions, thereby disrupting maternal behavior.

OT Regulation of Immunity and Maternal Behavior

In the present study, CD dams showed increases in both
the pro-inflammatory cytokine IL-1f and IL-6 and the
anti-inflammatory cytokine IL-10 at day 5. This is similar
to a previous report that IL-1f expression upregulated
with peak at days 3 to 7 in small bowel and colonic
wounds where IL-10 showed high expression at day 5
in rats (Zubaidi et al., 2010; Alzoghaibi et al., 2014).
Thus, CD-evoked changes in these immune cytokines
could reflect the general response of the immune system
to surgical stress. However, the changes in thymic index
are beyond the effect of general surgery.

Mechanistically, CD-evoked abnormal OT secretion
can disrupt the immunological defense functions of OT
(P. Wang et al., 2015; Y. F. Wang, 2016). This is sup-
ported by the findings that OTR deficiency mice are
more susceptible to inflammatory reactions compared
with the wild mice (Tang et al., 2019) and that blocking
OTR reduces endotoxin-evoked IL-1p release (An et al.,
2019). It is consistent with that disruption of maternal
behavior is associated with reproductive injury (i.e. per-
inea lacerations), inflammation, and stress (Dunn et al.,
2015). In addition, increased plasma vasopressin could
also contribute to the increase in IL-6 since stimulation
that increases vasopressin secretion also increases 1L-6
levels (Rohleder et al., 2006). Thus, the increased IL-1p
and IL-6 levels in CD dams result from reduced plasma
OT and increased vasopressin.

Along with increases in inflammatory cytokines, CD
also influences adaptive immunity as indicated by the
reduction of thymic index. These findings are in agreement
with the reports that OT can act on OTR on the thymus to
promote the differentiation of T-lymphocytes (Hansenne
et al., 2004) and activate T-lymphocytes (Ndiaye et al.,
2008). This action occurs at the peripheral sites since
CD-reduced plasma OT was accompanied with increase
in hypothalamic OT that should inhibits inflammatory
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reaction in the hypothalamus. Taken together, we tenta-
tively believe that OT is an essential humoral factor regu-
lating immunity and maternal behavior (Figure 6).

Implications

This study for the first time highlights the immune-
neuroendocrine mechanisms underlying CD-evoked
postpartum depression. It reveals that abnormally
increased hypothalamic OT secretion is a key for CD-
associated maternal depression, release of inflammatory
cytokines and decrease in lymphocytes. Many of the pre-
sent findings remain to be further verified in a more spe-
cific condition, which is important not only for treatment
of abnormal maternal behaviors but also for a variety of
diseases with immune disorders like COVID-19 (S. C.
Wang and Wang, 2021).
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